It has been a long-term goal to develop non-invasive methods that can detect critical levels of tissue hypoxia to help in the management of chronic lower limb ischaemia. In the present study, skeletal muscle oxygenation was measured using a new Clark-type TCPO 2 [transcutaneous PO 2 (partial pressure of O 2 )]/PCO 2 (partial pressure of CO 2 ) monitoring system and optical NIRS (near-infrared spectroscopy) at graded levels of hypoxaemia using a rabbit model (n = 6). The TCPO 2 /PCO 2 probe was placed on the shaved hindlimb to record SPO 2 (skin PO 2 ) and SPCO 2 (skin PCO 2 ) continuously. A pair of NIRS probes were placed on the limb to monitor HbO 2 (oxyhaemoglobin) and Hb (deoxyhaemoglobin). Graded hypoxaemia was achieved by stepwise reductions of FiO 2 (fraction of inspired O 2 ) from 30 % to 6 %. Animals were allowed to recover after each episode of hypoxia at an FiO 2 of 30 % as indicated by normalized arterial blood PO 2 . There was a significant (P < 0.05) decrease in SPO 2 with all grades of hypoxaemia and no significant changes in SPCO 2 . There was a significant (P < 0.05) increase in muscle Hb with all grades of hypoxaemia and a significant (P < 0.05) decrease in HbO 2 when FiO 2 was below 15 %. A significant correlation was found between the SPO 2 and HbO 2 (r = 0.92, P < 0.001) and both were significantly correlated with arterial blood PO 2 (P < 0.001). The new TCPO 2 /PCO 2 system, in addition to its application for the assessment of conditions such as chronic venous insufficiency where alteration in skin oxygenation occurs solely, also has potential in conditions such as peripheral vascular disease where both skin and muscle oxygenation may be affected.
INTRODUCTION
The prevalence of PVD (peripheral vascular disease) in the U.K. is 4.5 % for intermittent claudication and 8.0 % for major symptomatic disease. A further 16.6 % have criteria considered abnormal in clinical practice [1] [2] [3] . Risk factors for the development of PVD include diabetes mellitus [4] , hypertension [5] and smoking [6] . Severe PVD leads to significant impairment of blood flow and hypoxia. Hypoxia can induce profound metabolic changes which may have detrimental effects on limb function and viability. The incidence of amputation for patients with PVD is 1.6 % within 1 year of diagnosis [7] . Diagnosis of patients with PVD is initially by history and clinical examination, including measurement of ABPI (ankle brachial pressure index), follow up with duplex ultrasound and, possibly, angiography. However, these investigations all have drawbacks, with no one test being capable alone of evaluating patients fully. Measurement of ABPI can miss diabetic arteriopathy and advanced arterial disease [8, 9] , whereas duplex scanning measures vascular flow and is operator-dependent and expensive.
Non-invasive measurement of muscle tissue oxygenation will complement the in-depth understanding of the disease and might be a useful method to assess the effectiveness of medical or surgical treatment in PVD and the viability of the limb, and to accurately predict the level of amputation in irreversible muscle injury.
NIRS (near-infrared spectroscopy) is an optical technique which continuously measures both extra-and intracellular levels of oxygenation by monitoring the levels of HbO 2 (oxyhaemoglobin), Hb (deoxyhaemoglobin) and Cyt Ox (cytochrome oxidase) [10] . Recent clinical studies have reported encouraging results with the application of NIRS for the assessment of patients with PVD [2, [11] [12] [13] [14] [15] .
Measurement of Po 2 (partial pressure of O 2 ) in tissues by surface probes has been used in the past to estimate the level of amputation required in ischaemic limbs with various degrees of success [16] [17] [18] . The system used at the time employed multiwire surface electrodes covering a wide surface area which resulted in heterogeneous values due to high mixed venous Po 2 [19] . The Clark-type surface TCPo 2 (transcutaneous Po 2 )/Pco 2 (partial pressure of CO 2 ) is a direct polarographic measurement of tissue Po 2 based on an electrochemical electrode chain, consisting of the platinum cathode and the silver anode.
A new-generation Clark-type TCPo 2 /Pco 2 monitoring system has been developed, which combines a heating element, temperature sensors, a Clark-type O 2 electrode and a Severinghaus-type CO 2 electrode in a single unit. The main advantage of this device compared with the previous version is that it is based on a microcomputer system which collects and processes highly sensitive digitalized data. The question arising is how accurately the skin oxygenation reflects the state of the muscle oxygenation under conditions of systemic hypoxia. Thus the present study was designed to measure skeletal muscle tissue oxygenation using NIRS and SPo 2 
METHODS

Animals and surgical procedures
The present study was conducted in accordance with the Animals Scientific Procedures Act (1986) and under licence from the Home Office.
New Zealand white rabbits (3.2 + − 0.2 kg, n = 6) were used. Anaesthesia was induced with hypnorm (0.5 mg/kg of body weight; fentanyl and fluanisone; Janssen, Saunderton, Bucks., U.K.) intramuscularly, and maintained by 0.5-2 % isoflurane (Baxter Healthcare, Norfolk, Thetford, U.K.) mixed with NO 2 and O 2 via a standard anaesthetic circuit. Animals were tracheostomized and a tracheostomy tube with an internal diameter of 3 mm was inserted into the trachea. Body temperature was maintained at 36-38
• C by means of an electronic heating blanket and monitored continuously using an endorectal probe (Harvard Apparatus, Edenbridge, Kent, U.K.). A pulse oximeter (Biox 3740-pulse oximeter; Ohmeda, Louisville, KY, U.S.A.) was used for monitoring Sao 2 (systemic arterial oxygen saturation) and HR (heart rate).
The right ear artery was cannulated using a standard intravenous cannula (22 gauge) for the continuous monitoring of arterial blood pressure and the collection of blood samples (0.5 ml) for blood gas analysis at the end of each hypoxic period using a commercial blood pH/gas analyser (Mode l860; Bayer Newbury, Berks., U.K.). The marginal ear vein was also cannulated using a standard intravenous cannula (20 gauge) for the administration of fluids at a rate of 10 ml · h −1 · kg −1 of body weight. A pair of optical probes for NIRS were placed on the gracilis and adductor muscle mass in parallel with 10 mm distance in between, whereas the transcutaneous probe was placed on the hindlimb skin overlying the muscles.
NIRS to monitor muscle tissue oxygenation
NIRS depends upon the relative transparency of biological tissue to light in the near-infrared region of the spectrum. Light at visible wavelength (450-700 nm) is strongly attenuated in tissue and, as a result, can only penetrate a maximum distance of a few millimetres [20] . However, the absorption of light by the tissue chromophores is significantly lower at near-infrared wavelengths (700-1000 nm) and, with sensitive detectors, it is possible to detect light that has traversed up to 80 mm of tissue [18] . There are three main compounds whose nearinfrared absorption characteristics vary with their oxygenation status. The change in chromophore concentration can be quantified using a modified Beer Lambert law [21, 22] . NIRS utilizes the principle that the absorbance of light by HbO 2 and Hb as well as myoglobin differs at different near-infrared wavelengths [23] . The NIRS instrument (NIRO-500; Hamamatsu Photonics K. K., Hamamatsu, Japan) used in the present study produced light at multiple wavelengths which was transmitted in sequential pulses via a bundle of optical fibres (optode) to the muscle. Photons emerging from the muscle were collected by the second bundle of optical fibres and were detected by a photomultiplier tube. The difference between transmitted and received light intensity at each wavelength was used to determine the absorbance changes at each wavelength. We used an algorithm and a program for the NIRS system to compute absolute changes relative to baseline in HbO 2 and Hb concentration in the skeletal muscle based on chromophore absorption coefficient in µmol/l of tissue [11] . NIRS has been used experimentally to estimate the level of skeletal muscle tissue oxygenation and, in clinical settings, have shown that the results are reproducible and that NIRS is a reliable method [24] [25] [26] . In our group, NIRS has been widely used in rabbits to assess hepatic tissue oxygenation during various pathological conditions [27, 28] .
Assessment of skin oxygenation using a TCPO 2 /PCO 2 monitoring system SPo 2 and SPco 2 were measured using a Clark-type surface TCPo 2 /Pco 2 monitoring system (Radiometer Medical, Copenhagen, Denmark). The measurement of Po 2 and Pco 2 was performed as a direct polarographic measurement based on an electrochemical electrode chain, consisting of the platinum cathode (the sensor electrode) and the silver anode (the reference electrode), and a pH measurement which was converted into a CO 2 reading on the basis of the linear relationship between pH and log CO 2 . The calibration of the TCPo 2 /Pco 2 system was performed with 5 % CO 2 and 20.9 % O 2 standard calibration gas supplied from the TCC3 TC Calibration Unit. The electrode temperature was set ranging from 43
• C to 45 • C. Following calibration, the probe was placed on the skin through a fixation ring with contact liquid (1,2-propanediol/deionized water) between the probe and the skin.
When the electrode is attached to the skin, the generated heat is transferred from the probe to the skin surface. The heating produces local vasodilatation and increases the permeability of the skin to O 2 and CO 2 .
Experimental protocol
After a stabilization period of 30 min with an Fio 2 of 30 %, baseline measurements for the parameters and blood samples were obtained. Graded hypoxaemia was induced by the stepwise reduction of Fio 2 (20 %, 15 %, 10 %, 8 % and 6 %) by increasing the ratio of NO 2 /O 2 in the inspired gas mixture. A time period of 5 min was allowed at each hypoxaemic level before blood samples were taken. Recovery between the hypoxaemic periods was achieved by increasing Fio 2 to 30 % for 10 min, and this was confirmed by normalizing the arterial blood gas values. After completion of the experiment, the animals were killed by an overdose of anaesthesia. Data from the NIRS and TCPo 2 /Pco 2 monitors were recorded continuously during the experiment.
Data collection and statistical analysis
The data from the pulse oximeter, blood pressure monitor and NIRS were collected continuously on a laptop computer. The changes in muscle tissue oxygenation before induction of hypoxaemia and at 1 min after the end of each hypoxaemic period were calculated relative to the baseline. Values are expressed as means + − S.D. Student's t test was used with Bonferroni's adjustment for multiple comparisons. The correlation between muscle tissue Hb and HbO 2 and SPo 2 and SPco 2 was calculated using linear regression. P < 0.05 was considered statistically significant.
RESULTS
Systemic haemodynamics and arterial blood gas changes with hypoxaemia
The systemic haemodynamic changes during graded hypoxaemia are shown in Table 1 . The animals tolerated all grades of hypoxaemia for 3 min when Fio 2 was not less than 6 %. HR slowed during the hypoxaemic period, but this fall became significant at an Fio 2 level below 10 %. MABP (mean arterial blood pressure) and pH remained stable during the experiment. Sa-Po 2 (systemic arterial Po 2 ) declined significantly, corresponding to the fall in Fio 2 , as expected. Table 2 . SPo 2 showed a progressive decrease with increasing levels of hypoxaemia, which was significant at all Fio 2 levels for SPo 2 ( Figure 1) ; however, SPco 2 did not change significantly during hypoxaemia.
Correlation between tissue oxygenation measured by the PO 2 /PCO 2 meter and NIRS with systemic arterial gas pressure
There was a significant correlation between the changes in SPo 2 , Fio 2 and Sa-Po 2 (Table 3 and Figure 1 ). There was also a significant correlation between the changes in (Table 3 and Figure 2 ). The changes in SPo 2 , as recorded by the TCPo 2 /Pco 2 probe, and muscle HbO 2 , as recorded by NIRS, also correlated well (Table 3) .
DISCUSSION
The present study has measured the changes in skin and muscle tissue oxygenation during graded systemic hypoxaemia using the non-invasive techniques of NIRS and the TCPo 2 /Pco 2 monitoring system. The results showed that there was a decrease in muscle HbO 2 with hypoxia and a simultaneous increase in muscle Hb. Similarly, SPo 2 decreased significantly, but there were no significant change in SPco 2 . SPo 2 measured by the TCPo 2 / Pco 2 monitoring system was significantly correlated with muscle tissue HbO 2 monitored by NIRS. The animal model adopted for this experiment was designed so that there would be strict control of Fio 2 through a tracheostomy in order to be able to manipulate Sa-Po 2 and assess the response in the local Po 2 . We used a rabbit model, rather than a rat model, due to the larger size of muscle compared with rat and better control of Fio 2 via a tracheostomy. Also, the amount of blood taken from the animal during the experiment would not be possible in a rat model. Arterial cannulation for the monitoring of systemic blood pressure and the repeated measurements of arterial blood gases was achieved through the ear artery. This was chosen because of the easy access and minimal trauma.
The detection of tissue oxygenation in terms of measuring concentrations of Hb and HbO 2 by NIRS is based on an optical technique. NIRS relies upon the relative transparency of tissue to near-infrared light and the presence in this wavelength region of two natural chromophores exhibiting oxygen-dependent absorption spectra, namely haemoglobin and myoglobin. Readings are instantaneous and reflect the changes in tissue; however, the system measures changes relative to an initial baseline value which is usually zero. We believe that adipose tissue thickness of the subject is a main factor influencing the sensitivity and accuracy of NIRS for measurements made through skin. The NIRS signal represents an average of arterial, capillary and venous haemoglobin, as well as contributions from intracellular myoglobin [23] . There is controversy in the literature about the exact proportion of each component. Studies report that the myoglobin contribution to the total NIRS signal ranges in normoxia from 10-50 % [29] [30] [31] , which increases in hypoxia [31] . Adipose tissue thickness of the subject is the main factor influencing the sensitivity and accuracy of NIRS [32] . However, this factor can be excluded from our present study as the NIRS probes sit directly on the surface of the skeletal muscle. The results in the present study, achieved from a rabbit model of hypoxia, are similar to a previous study carried out in human hypoxic muscles [33] .
There was a significant fall in HR at Fio 2 levels lower than 10 %. Similar findings have been observed in other experimental studies of systemic hypoxaemia [34] . Hypoxaemia was maintained at each level to obtain accurate readings from the TCPo 2 /Pco 2 probe. At the end of each grade of hypoxaemia, the level of Fio 2 was returned to baseline in order to allow the animal to recover. The systemic pH remained stable during the experiment and this could be explained by the compensatory increase in respiratory rate that resulted in the fall in Sa-Pco 2 (systemic arterial Pco 2 ).
A significant decrease was seen in muscle HbO 2 (after Fio 2 15 %) and a significant increase in muscle Hb, as recorded by NIRS, in all grades of hypoxaemia. The sensitivity of NIRS in the detection of changes in muscle HbO 2 has been demonstrated in other studies [2, 11] and our results confirmed those findings.
In the present study, the TCPo 2 /Pco 2 monitoring system recorded significant changes in SPo 2 with all grades of hypoxaemia, but only in SPco 2 with severe hypoxaemia (Fio 2 < 8 % For this reason we would expect a rise to regional Pco 2 levels with severe hypoxaemia. There are two possible explanations for the finding that the Pco 2 levels were not elevated during hypoxaemia. The first is that the amount of O 2 present in muscle myoglobin is enough for the metabolic need of muscles in a resting state under general anaesthesia. The second could be that the TCPo 2 /Pco 2 probe was not sensitive enough to record the changes in SPco 2 . We feel that it is necessary for further studies to be performed with muscles under stress in order to clarify this issue.
The TCPo 2 /Pco 2 monitoring system used in the present study monitors skin oxygenation based on chemical detection of Po 2 and Pco 2 that diffuse to the surface of the skin. However, in the present study, we wanted to confirm whether measurement of skin Po 2 accurately reflected the underlying muscle oxygenation state under conditions of systemic hypoxia. A significant correlation (r = 0.92, P < 0.001) was found between the changes in regional Po 2 (measured by the TCPo 2 /Pco 2 probe) and regional HbO 2 (measured by NIRS). This suggests that Po 2 of the skin tissue measured by the TCPo 2 /Pco 2 system is correlated with O 2 diffusion from blood to muscle tissue.
The TCPo 2 /Pco 2 system could have clinical applications for patients with chronic venous insufficiency, where the oxygenation disturbance is limited to the skin. In PVD, the situation can be more complicated with both skin and the underlying muscles being affected or simply the muscles being affected. In these situations, the combination of the TCPo 2 /Pco 2 system and NIRS could provide useful information. During various pathophysiological conditions, O 2 consumption in the skin is different from muscle because of the difference in metabolic demand. O 2 consumption in skeletal muscle is much higher than skin (five times higher in relaxing and 250 times in contracting muscle). Thus the measurement of Po 2 diffusing through heated skin may be largely dependent on the oxygenation status of the skeletal muscle underneath. However, one has to be aware that several factors, such as skin thickness and lesions and perfusion status, also influence the diffusion of O 2 and CO 2 through the skin [36] . Skin perfusion can also be a problem in patients with low blood pressure due to cardiac failure or hypovolaemia.
The changes of SPo 2 , as recorded by the TCPo 2 /Pco 2 system, in response to systemic hypoxaemia took place in a much slower way compared with the changes in HbO 2 , as recorded by NIRS. This is probably because of the delay in the chemical reactions occurring on the surface of the tissue and detected by the sensor in the TCPo 2 /Pco 2 system under systemic hypoxia.
Both SPo 2 values, as recorded by the TCPo 2 /Pco 2 system, and HbO 2 values, as recorded by NIRS, correlated very well with the changes in Sa-Po 2 . This is an indication of the reliability and validity of these monitoring systems. However, Hampson and Piantadosi [37] measured human skeletal muscle oxygenation using both a TCPo 2 electrode and NIRS. They found that NIRS was better at monitoring peripheral oxygenation in forearm muscles in response to tourniquet ischaemia and venous outflow restriction. However, in their study, no detailed information was provided about the TCPo 2 electrode used for the measurement of Po 2 , and Pco 2 measurement was not carried out along with Po 2 measurement. Moreover, it is not clear whether or not the Po 2 electrode had a temperature sensor. It is important to continuously monitor skin temperature as its stability is directly related to the accuracy of the Po 2 and Pco 2 measured. In addition, in their study [37] , NIRS measurement was applied transcutaneously. In the present study, we used the TCPo 2 /Pco 2 model with the latest electrode and examined the effect of graded systemic hypoxia on skeletal muscle by measuring Po 2 and Pco 2 simultaneously. We also applied NIRS directly on the muscle surface, rather than through the skin, to produce more sensitive and accurate data.
In summary, the data from the present study suggest that skeletal muscle oxygenation measured by the TCPo 2 /Pco 2 monitoring system, as indicated by tissue Po 2 and Pco 2 , correlates with skeletal muscle tissue Hb and HbO 2 measured by NIRS and with systemic arterial gas pressures. This method gives reliable information about the muscle oxygenation by probe placement over the skin. The new TCPo 2 /Pco 2 electrode has potential clinical applications for the assessment of conditions such as chronic venous insufficiency where alteration in skin oxygenation occurs solely. It can also be useful as a diagnostic tool in conditions such as PVD where both skin and muscle oxygenation may be affected. However, correlation between skeletal muscle oxygenation with both techniques with PVD patients remains to be studied further.
